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Abstract
The light-quark non-strange scalar mesons a0(980), f0(980), f0(1370), a0(1450), f0(1500) and
f0(1710) are of great interest as there is no generally accepted view of their structure which can
encompass qqq¯q¯, molecular, qq¯ and glueball states in various combinations. It has been shown
previously that the radiative decays of the scalar mesons to ρ and ω are a good probe of their
structure and provide good discrimination among models. Scalar meson photoproduction is
proposed as an alternative to measuring radiative decays and it is shown that it is a feasible
proposition.
1 Introduction
The fundamental structure of the light scalar mesons is still a subject of controversy.
One view is that the σ(485), κ(700), f0(980) and a0(980) are molecular or qqq¯q¯
states and so unrelated to qq¯ spectroscopy. Then the a0(1450) and the K
∗
0(1430)
are regarded as the ud¯ and us¯ members of the same SU(3) flavour nonet of 13P0
ground-state qq¯ mesons, to which the f0(1370) can be attached as the (uu¯ + dd¯)
member [1]. There remain two possibilities for the ninth member of the nonet, the
f0(1500) and the f0(1710). It is frequently assumed that this surplus of isoscalar
scalars in the 1300 to 1700 MeV mass region can be attributed to the presence of a
scalar glueball [2]. This assumption is supported by calculations in quenched lattice
gauge theory, which predict a scalar glueball in this mass range [3, 4, 5]. The three
physical states are then viewed as mixed qq¯ and gluonium states, although there
is not agreement in detail about the mixing [6, 7]. This is the first scenario we
consider.
Calculations in unquenched LQCD [8] suggest that the mass of the lightest glue-
ball could be considerably lower than in the quenched case, around 1 GeV, casting
doubt on this mixing model and opening up many other possible interpretations [9].
Further, it has been argued that the f0(1370) may not exist [9, 10, 11], although
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this is strongly contested [12, 13]. Should the f0(1370) not exist, then the lowest
scalar nonet may be taken to comprise the a0(980), the f0(980), the f0(1500) and
the K∗0 (1430). The f0(980) and the f0(1500) are mixed such that the former is close
to a singlet and the latter close to an octet. The lightest scalar glueball is a broad
object extending from 400 MeV to about 1700 MeV. This is the second scenario we
consider.
Another possibility is that the σ(485), κ(700), f0(980) and a0(980) comprise the
13P0 ground-state nonet of qq¯, although their properties are strongly influenced by
coupling with a low-mass glueball [14]. In this case, in the absence of the f0(1370),
the f0(1500) and f0(1710) are members of the first radial 2
3P0 scalar excitation
and may also have a significant glueball component. This is the third scenario we
consider.
Finally it has been suggested [13] that the f0(1370) not only exists but is a pure octet
with strong coupling to ππ, making this the dominant decay channel in broad agree-
ment with the results of [12]. It is further suggested that the f0(1500) and f0(1710)
(which are the same pole but observed on different Riemann sheets) correspond to
an unmixed glueball. This is the fourth scenario we consider.
Radiative transitions offer a particularly powerful means of probing the structure of
hadrons as the coupling to the charges and spins of the constituents reveals detailed
information about wave functions and can discriminate among models. If one as-
sumes the scalar mesons to be bound qq¯ 3P0 states, the radiative decay proceeds via
a quark loop and the corresponding matrix element can be estimated in the quark
model. In such framework, both the radiative decay of a vector meson to a scalar
meson, V → Sγ [15], and the radiative decay of a scalar meson to a vector meson,
S → V γ [16] have been considered previously. The latter appears to be the more
useful in practice. It was shown that the radiative decays of the f0(1370), f0(1500)
and f0(1710) are strongly affected by the degree of mixing between the basis qq¯
states and the glueball. It is clear [16] that the discrimination among the different
mixing scenarios provided by the radiative decays is strong.
The calculations of [15, 16] are relevant for the first scenario we consider. They are
reviewed briefly in Section 2 and then extended to calculate the radiative decays
of the scalar mesons in the models appropriate to the second, third and fourth
scenarios. This calculation includes the a0(980), f0(980) and a0(1450) as well as the
f0(1370), f0(1500) and f0(1710).
Photoproduction of the scalar mesons at medium energy provides an alternative
to direct observation of the radiative decays. It is this possibility that we explore
here and show that it is viable. The dominant mechanism is Reggeised ρ and ω
exchange, both of which are well understood in pion photoproduction [17]. The
energy must be sufficiently high for the Regge approach to be applicable but not
too high as the cross section decreases approximately as s−1. In practice this means
approximately 5 to 10 GeV photon energy, which is pertinent to Jefferson Laboratory
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both now and with the proposed upgrade. In addition to photoproduction on protons
we consider coherent photoproduction on 4He, encouraged in this by a recently-
approved experiment at Jefferson Laboratory [18]. Two advantages of coherent
production are the elimination of background from baryon resonances, considerably
simplifying partial-wave analysis of the mesonic final state, and the restriction to
ω exchange which is better understood in photoproduction than is ρ exchange.
The photoproduction model we use is described in Section 3 with full details of
the calculation in the Appendix. Results for the differential and integrated cross
sections on protons and 4He in the narrow-width approximation are also presented
in this section.
Mass distributions for specific final states are obtained in Section 4. As it is un-
likely that the charged decay modes of the scalars can be considered because of
the very much larger cross sections in π+π−, K+K−, 2π+2π− and π+π−2π0 from
vector-meson production we concentrate on all-neutral channels which automati-
cally exclude any vector-meson contribution. Specifically the neutral channels are
π0π0, η0η0, π0η0 and 4π0. A discussion of the branching fractions of the f0(1370) is
included because of the degree of ambiguity associated with this state.
There is a continuum background to the resonance production. A model for photo-
production of continuum π0π0, η0η0 and π0η0 states is presented in Section 4.2, to-
gether with examples of the interference between these and appropriate resonances.
The full details of these calculations are given in the Appendix.
Radiative transitions of scalars can also proceed via intermediate mesonic loops.
Generally, the meson loop mechanism is expected to be suppressed due to large-NC
considerations. However, in some cases the meson loop mechanism could be quite
relevant, especially in connection with the a0(980) and f0(980) mesons which reside
at the KK¯ threshold, so that the admixture of KK¯ molecule in their wavefunction
is expected to be large. An illustrative example of the f0(980) and a0(980) mesons
photoproduced via a pseudoscalar loop mechanism is considered in Section 5.
Our conclusions are that suitable combinations of measurements of scalar-meson
photoproduction can be used to clarify the status of the scalars. These are presented
in Section 6.
2 Radiative Decays
The most general structure of the γSV vertex is [19]
iF γSVµ = gS
(
qµ (q − k) · ǫ− ǫµ q · (q − k)
)
(1)
where ǫ is the photon polarisation vector, q and k are respectively the 4-momenta
of the photon and scalar meson, mS is the scalar meson mass, mV is the mass of
vector meson and (k − q)2 = m2V .
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The radiative decay width is [19]
Γ(S → γV ) = g2S
m3S
32π
(
1− m
2
V
m2S
)3
. (2)
If one assumes the scalar mesons to be bound qq¯ 3P0 states, the radiative decay
proceeds via a quark loop and the corresponding matrix element can be estimated
in the quark model. The details of the radiative decay calculations we use are
described in [15, 16] and are summarised briefly here. Wave functions were assumed
to be Gaussian, exp(−p2/(2β2M)), multiplied by an appropriate polynomial and βM
was a variational parameter obtained for each state from the Hamiltonian
H =
p2
mq
+ σr − 4
3
αs
r
+ C. (3)
Standard quark-model parameters were used: σ = 0.18 GeV2, αs = 0.5, mq is the
quark mass, 0.33 GeV for u and d quarks and 0.45 GeV for s quarks.
The transition amplitude for the decay at rest of meson A, mass mA, to meson B,
mass mB, and a photon of three-momentum p is
MA→B = M
q
A→B +M
q¯
A→B, (4)
where MqA→B and M
q¯
A→B describe the emission from the quark and antiquark re-
spectively. Explicitly, these are
M
q
A→B =
Iq
2mq
∫
d3k
[
Tr{φ†B(k− 12p)φA(k)
}
(2k− p)
− iT r{φ†B(k− 12p)σφA(k)} × p
]
(5)
and
M
q¯
A→B =
Iq¯
2mq
∫
d3k
[
Tr{φA(k)φ†B(k+ 12p)}(2k+ p)
− iT r{φA(k)σφ†B(k+ 12p)} × p
]
(6)
where Iq and Iq¯ are isospin factors.
The differential decay rate is given by
dΓ
d cos θ
= p
EB
mA
αI
∑
|MA→B|2, (7)
where the sum is over final-state polarisations and I = I2q = I
2
q¯ is the isospin factor
for neutral mesons.
It was shown in [15, 16] that the model gives good agreement with existing data and
in [16] that, in general, the uncertainty due to the use of Gaussian wave functions
is less than 10%.
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Decay L M H
f0(1370)→ γρ 443 1121 1540
f0(1500)→ γρ 2519 1458 476
f0(1710)→ γρ 42 94 705
Table 1: Effects of mixing on the radiative decays of the scalars to ρ [16]. The radiative widths,
in keV, are given for the three different mixing scenarios described in the text: light glueball (L),
medium-weight glueball (M) and heavy glueball (H). The radiative decays of the scalars to ω are
1
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of these.
Decay Width
a0(980)→ γρ 14
f0(980)→ γρ 83
f0(1500)→ γρ 986
Table 2: Radiative widths in keV of the a0(980), f0(980) and f0(1500) to ρ assuming that they
are all members of the ground-state nonet, and that the f0(980) and f0(1500) are mixed such that
the former is a singlet and the latter is an octet. For the isoscalars the radiative widths to ω are
1
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of these and that for the a0(980) is a factor of 9 larger.
In [16] the radiative decays of the f0(1370), f0(1500) and f0(1710) were considered
assuming that they are mixed states of the (uu¯+dd¯) and ss¯ members of the ground-
state 13P0 nonet with a scalar glueball. Three different mixing possibilities have
been proposed [6, 7]: the bare glueball is lighter than the bare nn¯ state [7]; its mass
lies between the bare nn¯ state and the bare ss¯ state [7]; or it is heavier than the
bare ss¯ state [6]. We denote these three possibilities by L, M and H respectively.
The results from [16] for each are given in Table 1.
In principle, an important check on the reliability of these calculations and of their
application to photoproduction would be provided by the radiative decay of the
a0(1450) as this does not have the complication of glueball mixing. Again assuming
that it is a member of the ground-state scalar nonet, its decay width to ργ is
Γ(a0(1450)→ ργ) = 298 keV (8)
and its decay to ωγ is a factor of 9 larger.
In scenario II the a0(980), f0(980) and f0(1500) together with the K
∗
0(1430) form
the ground-state nonet, with the f0(980) and f0(1500) mixed such that the former
is close to a singlet and the latter close to an octet. The radiative decay of the
f0(1500) can be calculated in the same model as before, with the result shown in
Table 2. For the a0(980) and f0(980) we use the results of [19], also shown in Table
2, with the f0(980) width corrected for the assumption that the f0(980) is a singlet.
In scenario III the a0(1450) is a member of the first radial 2
3P0 excitation, as it is
in scenario II, together with the f0(1500), f0(1710) and K
∗
0(1430). The radiative
widths of the a0(1450) and f0(1500) calculated on the basis of this assumption are
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Decay Width
a0(1450)→ γρ 65
f0(1500)→ γρ 679
Table 3: Radiative widths in keV of the a0(1450) and f0(1500) to ρ assuming that they are members
of the first radially-excited nonet. The radiative widths to ω are a factor larger for the a0(1450)
and 1
9
for the f0(1500).
given in Table 3. This calculation is much more sensitive to the choice of parameters
than is the ground-state calculation, so the results in Table 3 are not as reliable as
those in Tables 1 and 2.
Finally, scenario IV is analogous to scenario II with the f0(1370) replacing the
f0(1500) as the octet member of the ground state nonet. Its decay width to ργ is
Γ(f0(1370)→ ργ) = 757 keV (9)
3 Scalar Photoproduction
In this section we develop the formalism for scalar photoproduction and present the
differential and integrated cross sections in the narrow-width limit of the scalars for
each of the four scenarios considered.
3.1 Cross section formalism
Let q, p1, k, p2 be respectively the 4-momenta of the photon, initial proton, scalar
meson and recoil proton. The γSV vertex has the form given in (1). The SV γ
coupling, gS, is obtained from the radiative decay width (2) and is assumed to be
constant. The V NN vertex is
F V NNν = igV γν − gTσντ (p2 − p1)τ . (10)
The ωNN couplings are rather well defined [20]. We have used gωV = 15 and g
ω
T = 0
as this gives a good description of π0 photoproduction [17]. The ρNN couplings
are not so well defined, with two extremes: strong coupling [20] or weak coupling
[21, 22, 23]. We are again guided by pion photoproduction [17] and choose the strong
coupling solution with gρV = 3.4, g
ρ
T = 11 GeV
−1.
The vector meson propagator is
P Vµν =
1
m2V − t
{
gµν − 1
m2V
(p2 − p1)µ(p2 − p1)ν
}
=
1
m2V − t
{
gµν − 1
m2V
(q − k)µ(q − k)ν
}
. (11)
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The complete photoproduction amplitude with the vector meson exchange mecha-
nism is then
Mµ(s, t)ǫµ = u¯(p2)(Aµνγν +Bµ)u(p1)ǫµ (12)
where
Aµν = a(gµν(q · k)− kµqν) = a(gµν(q · p)− pµqν), (13)
with
a =
gS(gV + 2mpgT )
m2V − t
, (14)
and
Bµ = b(p1µ(q · k)− kµ(q · p1)) = b(p1µ(q · p)− pµ(q · p1)), (15)
with
b = − 2gSgT
m2V − t
. (16)
For the exchange of a single vector meson we find (see Appendix),
|M(s, t)|2 = −1
2
aa∗(s(t− t1)(t− t2) + 12st(t−m2S)2)
−1
2
(ab∗ + a∗b)mps(t− t1)(t− t2)
−1
8
bb∗s(4m2p − t)(t− t1)(t− t2). (17)
where t1 and t2 are the kinematical bounaries given by equations (A.7), and the
differential cross section is
dσ
dt
=
|M(s, t)|2
16π(s−m2p)2
. (18)
3.2 Reggeisation
The standard prescription for Reggeising the Feynman propagators in (17), assuming
a linear Regge trajectory αV (t) = αV 0 + α
′
V t, is to make the replacement
1
t−m2V
→
( s
s0
)αV (t)−1 πα′V
sin(παV (t))
−1 + e−ipiαV (t)
2
1
Γ(αV (t))
. (19)
This simple prescription automatically includes the zero observed at t ≈ −0.5 GeV2
in both ρ and ω exchange and provides a satisfactory description of the ρ and ω
exchange contributions to pion photoproduction [17]. We know that this approxi-
mation is not precise as there are additional contributions, in particular from Regge
cuts that are clearly required by finite-energy sum rules [24, 25, 26] and, for π0 pho-
toproduction, from the trajectory associated with b1(1235) exchange [17, 25, 26].
However the overall effect of these additional contributions is small, the principal
effects being to weaken the dip in the cross section and to modify the energy de-
pendence at large |t|. The prescription (19) does not require the addition of form
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proton 4He
Scalar L M H L M H
f0(1370) 27.1 68.6 94.2 0.64 1.63 2.23
f0(1500) 89.9 52.1 17.0 1.55 0.90 0.29
f0(1710) 0.7 1.6 11.8 0.0026 0.0058 0.043
Table 4: Integrated photoproduction cross sections in nanobarns on protons and 4He at Eγ = 5
GeV for the three different mixing scenarios: light glueball (L), medium-weight glueball (M) and
heavy gluebal (H).
factors at either vertex when applied to pseudoscalar photoproduction so we adopt
the same procedure here. We assume non-degenerate ρ and ω trajectories
αρ = 0.55 + 0.8t
αω = 0.44 + 0.9t (20)
For photoproduction on 4He we assume that the cross section is given by
dσ(γN → f0He)
dt
=
dσ(γN → f0N)
dt
(
4FHe(t)
)2
, (21)
where FHe(t) is the helium form factor [27]
FHe(t) ≈ e9t. (22)
The justification for the assumption (21) is the low level of nuclear shadowing ob-
served on 4He at the energies with which we are concerned, for both pion and photon
total cross sections [28]. Writing
σhA = AeffσhN , (23)
where h can be a pion or a photon, it is found that Aeff ≈ 0.9 at the energies in
which we are interested. Further, the detailed behaviour of Aeff as a function of
photon energy and nucleus is rather well described by a simple vector-dominance
model [28].
3.3 Narrow-width Cross Sections
3.3.1 Scenario I
The differential cross sections for photoproduction of the f0(1370), f0(1500) and
f0(1710) on protons and
4He at Eγ = 5 GeV are shown in Figure 1 and the integrated
cross sections are given in Table 4. In each case results are given for the three
possible glueball masses: light (L), medium (M) and heavy (H). The cross sections
for photoproduction on protons decrease with energy at the rate expected from
8
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Figure 1: Scenario I. Differential photoproduction cross sections on protons (left column) and 4He
(right column) in nb GeV−2 for f0(1370) (top row), f0(1500) (middle row) and f0(1710) (bottom
row) at Eγ = 5 GeV. The glueball masses are L (red), M (green) and H (blue) in each figure.
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Figure 2: Differential photoproduction cross sections in nb GeV−2 for ground-state a0(1450) on
(a) protons and (b) 4He at Eγ = 5 GeV.
(19) so at Eγ = 10 GeV are about half of those in Table 4. However the cross
sections for photoproduction on 4He do not decrease, and for the f0(1500) and
f0(1710) actually increase. This is due to the combined effect of the
4He form factor
enhancing the contribution from small t and the maximum of the differential cross
section on protons moving to smaller t with increasing energy. Note that for 4He it
is necessary to have |t| & 0.1 GeV2 as this is the minimum achievable momentum
transfer at which the recoiling α-particle can be detected [29].
The cross sections for photoproduction on 4He are very much smaller than those for
photoproduction on protons. There are three reasons for this.
• Switching off ρ exchange for photoproduction on protons reduces the cross sec-
tion by a factor of about 16, cancelling the factor 16 from coherent production.
• The helium form factor suppresses the cross section except at very small t.
• There is the experimental requirement that |t| & 0.1 GeV2 for the recoiling
helium to be detected.
Obviously the cross sections for light, medium and heavy glueball masses reflect
directly the radiative decay widths of Table 1 and, if it were practical, ratios of cross
sections f0(1370) : f0(1500) : f0(1710) would give an immediate result and “weigh”
the glueball. The change from L to H is more than a factor of five, L to M nearly
a factor of two and M to H nearly a factor of three. Coherent production on 4He,
if practical, would be particularly important quite apart from the elimination of
contributions from excited baryons. Not only are the trajectories associated with
ρ and b1(1235) exchange excluded, any Regge cut effects should be comparable for
each scalar, so in the ratios the uncertainty in their contribution will be minimised.
The ratios also remove any ambiguity associated with form factors and the ωNN
coupling. However, as we shall see, the situation is not nearly so clear-cut when we
10
State proton 4He
a0(980) 167.9 47.2
f0(980) 91.0 3.5
f0(1500) 35.4 0.6
a0(1450) 21.4 4.7
Table 5: Scenario II. Integrated photoproduction cross sections in nanobarns on protons and 4He
at Eγ = 5 GeV for the a0(980), f0(980), f0(1500) and a0(1450) assuming that the isoscalars are
members of the ground-state nonet, that the f0(980) is pure singlet and the f0(1500) is pure octet
and that the a0(1450) is the first radial excitation.
come to consider particular final hadronic states. In particular, once the standard
ππ branching fractions (see Table 7 in Section 4) are taken into account the cross
sections for f0(1370), f0(1500) and f0(1710) photoproduction on
4He in specific
channels are too small to be practical. However the f0(1370) would be an exception
if the ππ branching fraction suggested by Bugg [12] is correct. See the discussion
relating to Table 7 in Section 4.
The integrated photoproduction cross sections for a0(1450) are 98 nb on protons and
21 nb on 4He. In contrast to the isoscalars, the cross section for photoproduction of
the isovector a0(1450) on
4He is not strongly suppressed as its dominant radiative
decay is to ωγ. The differential cross sections for a0(1450) photoproduction on
protons and 4He are shown in Figure 2. In this scenario the a0(980) and f0(980) are
not nn¯ states and discussion of them is deferred until Section 5.
3.3.2 Scenario II
In this scenario the lowest nonet now comprises the a0(980), f0(980) (singlet),
f0(1500) (octet) and the K
∗
0 (1430). The a0(1450) is assigned to the 2
3P0 radial
excitation. The integrated cross sections for photoproduction of the a0(980) and
f0(980) on protons and
4He at Eγ = 5 GeV are given in Table 5 and the differential
cross sections in Figure 3. As for the a0(1450) in scenario I, the cross section for
photoproduction of the isovector a0(980) on
4He is large. The large photoproduction
cross sections for the a0(980) and f0(980) in this scenario are a direct consequence
of their being nn¯ states. A corollary is that if the a0(980) or f0(980) are non-nn¯
states, as in scenario I, even a small nn¯ admixture will lead to a significant increase
in the cross section. The integrated cross sections for the f0(1500) and the a0(1450)
are also given in Table 5 and the differential cross sections on protons in Figure 3.
3.3.3 Scenario III
As in scenario II, the a0(980) and f0(980) are in the nn¯ ground-state nonet but the
f0(980) is no longer a singlet. The integrated cross section and differential cross
section for the a0(980) are as in Table 5 and Figure 3, but the results for the f0(980)
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Figure 3: Differential photoproduction cross sections in nb GeV−2 on (a) protons and (b) 4He
for the a0(980) (brown curves) and f0(980) (azure curves) assuming that they are members of
the ground-state nonet and that the f0(980) is a pure singlet, and on protons (c) for the f0(1500)
assuming that it is a member of the ground-state nonet and is a pure octet and (d) for the a0(1450)
assuming it is in the first radial excitation.
in Table 5 and Figure 3 need to be scaled up by a factor of 1.5. Both the a0(1450)
and f0(1500) are now members of the first radially-excited nonet. The results for
the a0(1450) are as in Table 5 and Figure 3(d). The integrated cross sections for the
radially-excited f0(1500) are 24.7nb on protons and 0.4nb on
4He. The differential
cross section for f0(1500) on protons is shown in Figure 4(a).
3.3.4 Scenario IV
This scenario is analogous to scenario II with the f0(1370) replacing the f0(1500) as
the octet member of the ground-state nonet. The integrated cross sections for pho-
toproduction on protons and 4He at Eγ = 5 GeV are 47 nb and 1.1 nb respectively.
The differential cross section at Eγ = 5 GeV is shown in Figure 4(b).
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Figure 4: Differential photoproduction cross sections on protons in nb GeV−2 for (a) f0(1500)
assuming that it is a member of the first radially-excited nonet and (b) f0(1370) assuming it is the
octet member of the ground state nonet.
4 Mass Distributions
We present results for the π0π0 channel for the isoscalars. Other pseudoscalar-
pseudoscalar channels can be obtained from these by scaling using the branching
fractions of Table 7, or the results of Bugg [12] for the special case of the f0(1370).
4.1 The signal
To obtain mass distributions for the f0(1370), f0(1500), f0(1710) and a0(1450),
we represent them as relativistic Breit-Wigner resonances with energy-dependent
partial widths. The signal cross section for the final state i is given by (see Appendix)
dσ
dt dM
=
dσ0(t,M)
dt
2m2S
π
Γi(M)
(m2S −M2)2 +M2Γ2Tot
(24)
where dσ0(t,M)/dt is the narrow-width differential cross section at a scalar mass
M . For pseudoscalar-pseudoscalar final states the partial width Γi(M) is given in
terms of the SPP coupling gi by
Γi(M) =
g2i ρ(M,ma, mb)
16πM
, (25)
with
ρ(M,ma, mb) =
√
(1− (ma +mb)2/M2)(1− (ma −mb)2/M2), (26)
where ma and mb are the masses of the two scalars. Conversely gi is determined
from the partial width at resonance, putting M = mS in (25).
The 4π channels 2π+2π−, π+π−2π0 and 4π0 represent a significant fraction of scalar
decays and are dominated by ρρ and σσ. As we do not consider them explicitly, we
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Channel PDG WA102/CK CB
pipi 34.9± 2.3 33.7± 3.4 33.9± 3.7
ηη 5.1± 0.9 6.1± 0.1 2.6± 0.3
ηη′ 1.9± 0.8 3.2± 0.7 2.2± 0.1
KK¯ 8.6± 0.1 10.7± 2.4 6.2± 0.5
4pi 49.5± 3.3 46.3± 8.5 55.1± 16.9
Table 6: Branching fractions in percent for the f0(1500) from the PDG [1], the WA102 experiment
[32] from the analysis of Close and Kirk [7] (CK) and the Crystal Barrel experiment [33] (CB).
represent them collectively using the parametrisation of 4π phase space suggested
by Bugg [12]:
ρ4pi(M) =
√
(1− 16m2pi/M2)
1 + exp[−Λ(M2 −M20 )]
(27)
with M0 = 1.799 GeV and Λ = 3.39 GeV
−2. Then for the 4π states we take
Γ4pi = γ4pi
ρ4pi(M)
ρ4pi(mS)
, (28)
so that γ4pi is the 4π partial width at resonance.
The total width is then
ΓTot(M) =
∑
i
Γi(M) (29)
Although the dominant decay of the f0(980) is ππ and that of the a0(980) is πη,
both branching fractions being about 0.85 with the remainder inKK¯ [1], these states
reside at the KK¯ threshold, so the procedure outlined above is not reliable. Instead
we use the Breit-Wigner parametrisations obtained in the analysis of φ radiative
decays [30, 31]. In this section the ”no-structure” versions of the fits are employed,
which correspond to a point-like φγS vertex, and are in line with the quark-loop
radiative transition assumption. The Breit-Wigner width takes the form
Γ(M) = g2pipi
vpi(M)
8πM2
+
g2KK¯
vK±(M) + vK0(M)
8πM2
, (30)
where vpi(M) =
√
M2/4−M2pipi and vK(M) =
√
M2/4−M2
KK¯
are momenta with
an analytical continuation below threshold. The corresponding parameters areM =
0.9847 GeV, gK+K− = gK0K¯0 = 0.4 GeV, gpi+pi− =
√
2gpi0pi0 = 1.31 GeV for the
f0(980), and M = 0.983 GeV, gK+K− = gK0K¯0 = 1.57 GeV, gpiη = 2.2 GeV for the
a0(980).
In order to obtain mass distributions it is necessary to have accurate branching
fractions to hadronic final states. This is the case for the f0(1500) but not for the
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State pipi KK¯ ηη ηη′
f0(1370) 0.027 0.013 0.004
f0(1500) 0.337 0.107 0.061 0.032
f0(1710) 0.119 0.595 0.286
Table 7: Branching fractions for the scalars from [32] and [7].
f0(1370) or f0(1710), particularly the former [1, 10, 12, 9, 13]. The various hadronic
decay channels of the f0(1500) are well defined. This is illustrated in Table 6 in
which the branching fractions, in percent, are given from the PDG [1], the WA102
experiment [32] as obtained in the analysis of Close and Kirk [7] and the Crystal
Barrel experiment [33]. The usefulness of the a0(1450) as a check on the model is
also compromised by the limited information on the hadronic branching fractions
[1] which we discuss below.
For definiteness we use the results of the WA102 collaboration [32] for the isoscalars.
These comprise a complete data set for the decay of the f0(1370), f0(1500) and
f0(1710) to all pseudoscalar meson pairs. As only relative branching ratios are
provided, to get the absolute branching ratios that we require we use the analysis
of these data in [7] to take account of other channels. The branching fractions to
pseudoscalars are summarised in Table 7. Of course for the π0π0 channel the ππ
branching fraction shown has to be divided by a factor of three. We also take results
of the WA102 collaboration [32] for the total widths, 272±50 MeV for the f0(1370),
108± 18 MeV for the f0(1500) and 124± 24 MeV for the f0(1710).
We see from Table 7 that the branching fractions of the f0(1370) to pseudoscalars
are small, the principal decay mode being to 4π [33]. However there is a major
disagreement with the ππ branching fraction shown in Table 7. In the analysis of
Bugg [12], the 2π:4π ratio at resonance is given as 6:1. The results of Albaladejo and
Oller [13] imply that the three pseudoscalar channels ππ, ηη and KK¯ saturate the
decay modes of the f0(1370) with ππ dominant. The consequences of this alternative
view of the f0(1370) are discussed where appropriate.
The relative branching fractions πη′(980)/πη and KK¯/πη of the a0(1450) are 0.35±
0.16 and 0.88 ± 0.23 respectively [1]. However the dominant decay mode of the
a0(1450) appears to be ωππ [34], although there is some uncertainty in the actual
branching fraction [1]. Relative to πη it is quoted as 10.7 ± 2.3, obtained by com-
paring the total rates of pp¯→ a0(1450)π for a0(1450)→ πη and a0(1450)→ ωπ+π−
and assuming the ωππ final state is ωρ. The uncertainty is also reflected in the
width, so as the a0(1450) is peripheral to our argument we do not show any mass
distributions but simply note that the cross section for a0(1450) photoproduction is
sufficiently large for it to be used to clarify the a0(1450) decay modes.
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Figure 5: Scenario I. Differential pi0pi0 mass distributions in nb GeV−1 at Eγ = 5 GeV for (a)
f0(1370), (b) f0(1710) and (c) f0(1500). The glueball masses are L (red), M (green) and H (blue)
in each figure.
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Figure 6: Scenario II. (a) Differential pi0pi0 mass distribution in nb GeV−1 for the f0(980) at Eγ = 5
GeV. (b) Differential pi0η0 mass distributions in nb GeV−1 for the neutral a0(980) at Eγ = 5 GeV.
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Figure 7: Scenarios III and IV. (a) Differential pi0pi0 mass distributions in nb GeV−1 at Eγ = 5
GeV for the f0(1500) as an octet ground state (red) and as a member of the first radial excitation
(green). (b) Differential pi0pi0 mass distribution in nb GeV−1 at Eγ = 5 GeV for the f0(1370) as
an octet ground state.
4.1.1 Scenario I
The π0π0 mass distributions dσ/dM for the f0(1370), f0(1500 and the f0(1710) are
given in Figure 5, in each case for light, medium and heavy glueball masses and
using the branching fractions of Table 7. Note the difference in scale in Figure
5(c), reflecting the small ππ branching fraction for the f0(1370) and the small cross
section for the f0(1710). However if the ππ branching fraction of the f0(1370) from
the analysis of [12, 13] is used instead of that in Table 7 the mass distribution is about
a factor of 30 larger. The distortion of the Breit-Wigner line shape for the f0(1370)
arises primarily from the combined effect of the small ππ branching fraction and the
large, rapidly-rising 4π channel in the denominator. As the f0(980) and a0(980) are
not nn¯ states in this scenario discussion of them is deferred to Section 5, where the
extreme possibility of a purely molecular assignment is considered.
4.1.2 Scenario II
The a0(980), f0(980) and f0(1500) are members of the ground-state nonet with the
f0(980) and f0(1500) mixed such that the former is a singlet and the latter is an
octet. The π0π0 and π0η0 mass distributions for the f0(980) and a0(980) are shown
in Figure 6(a) and 6(b) respectively. The π0π0 mass distribution for the f0(1500) is
given as the red curve in Figure 7(a). The f0(1370) does not exist in this scenario.
4.1.3 Scenario III
The a0(980) and the f0(980) are as in scenario II, although the latter is no longer
a singlet so the π0π0 mass distribution should be scaled up by a factor of 1.5. The
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f0(1500) is now a member of the first radial excitation and the corresponding π
0π0
mass distributionm is shown as the green curve in Figure 7(a). The f0(1370) does
not exist in this scenario.
4.1.4 Scenario IV
This is analogous to scenario II, but the octet member is the f0(1370). The π
0π0
mass distribution is given in Figure 7(b) using the branching fraction of Table 7.
Recall that if the ππ branching fraction of the f0(1370) from the analysis of [12, 13]
is used instead of that in Table 7 the mass distribution is about a factor of 30 larger.
The f0(1500) and f0(1710) are considered to be unmixed glueballs so cannot be
photoproduced directly.
4.2 Continuum background
There is a coherent, continuum background in the π0π0, π0η0 and η0η0 channels.
The production mechanism is illustrated in Figure 8.
Each graph has the form
Mµ = g1g2ǫµρβγqβvγǫρνλσpλvσFνD(s, t)Π(v). (31)
As before, q is the photon momentum, p = p1−p2 where p1 and p2 are the initial and
final proton momenta and v = k − q where k is the momentum of the pseudoscalar
in the upper vertex. Fν is given by (1), D(s, t) is the Regge propagator (19) and
Π(v) =
1
m2v − v2 − imvΓv
, (32)
where mv and Γv are the mass and width of the vector meson in the upper half of
the graph. The quantities g1, g2 are respectively the γ-P1-V1 and V1-P2-V2 coupling
constants at the top and middle vertices of the diagrams.
The product of the coupling constants g1g2 ≡ Cg0, where g0 can be estimated from
[35]:
g0 =
G2e
g
√
2
, G =
3
√
2g2
4π2f
, (33)
with g = 4.2 and f = 132 MeV. This gives g20 = 1.514 × 104αem GeV−2. The
constant C = CV2P1P2 is the appropriate Clebsch-Gordan coefficient,
1 = Cρpipi = 3Cωpipi = 3
√
3
2
Cρpiη =
√
3
2
Cωpiη =
3
2
Cρηη =
9
2
Cωηη. (34)
The explicit calculation is given in the Appendix and the results for π0π0, π0η0 and
η0η0 are shown in Figure 9. This continuum background is sufficiently large that
it must be taken into account in any analysis of scalar photoproduction, and this
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Figure 8: Feynman diagrams for continuum pi0pi0, η0η0 and pi0η0 photoproduction. In addition
there are diagrams with pi1 ↔ pi2 and η1 ↔ η2 for the first two.
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Figure 9: Continuum pi0pi0, pi0η0 and η0η0 backgrounds in nb GeV−1.
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Figure 10: Interference cross section in nb GeV−1 between the pi0pi0 continuum background and
the f0(1500) for different values of the relative phase φ in scenario I. The glueball masses are L
(red), M (green) and H (blue) in each figure.
is the primary reason for including it. There are, of course, additional continuum
background contributions from reactions such as γp → ∆(1232)π, γp → ∆(1232)η
and γp → N(1535)π that are less amenable to calculation but must also be taken
into account in analysis.
4.3 Interference
In any experimental environment, the interference pattern will be complicated. In
addition to interference between a given scalar and the continuum background there
will be interference among the scalars themselves. Accordingly we restrict discussion
to a simple illustrative example.
The formula for the cross section describing the interference between direct produc-
tion of a single scalar, as in Section 3, and the continuum background is given in the
Appendix. The results for the f0(1500) in scenario I, for constant relative phases of
00, 900, 1800 and 2700 are given in Figure 10.
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5 Meson Loop Mechanism
As was already mentioned in the Introduction, radiative transitions of scalars can
also proceed via intermediate meson loops. This is widely discussed in connection
with the possibility of scalar resonances generated dynamically. Indeed, if the scalars
contain significant admixtures of compact quark states, then both quark loops and
meson loops contribute to the radiative transition amplitude, while in the case of
dynamically generated resonances (molecules) only meson loops contribute.
The most well-studied case is transition via loops of charged pseudoscalars, in which
case the γSV vertex takes the form of equation (1) with the coupling gS(m
2
S , m
2
V )
given by
gS(m
2
S, m
2
V ) = e
gPPV gPPS
2π2mP
IP (a, b), (35)
where a = m2V /m
2
P , b = m
2
S/m
2
P , mP is the mass of the pseudoscalar in the loop,
gPPV and gPPS are the V P
+P− and SP+P− coupling constants. The explicit ex-
pression for the loop integral function IP (a, b) is given in the Appendix.
As shown in [19], the decay rates involving f0(980) and a0(980) exhibit a distinct
hierarchy pattern: the closer the mass of the vector meson to the KK¯ threshold, the
larger is the contribution of the kaon loop. So the intermediate kaon-loop mechanism
should dominate the φ→ γS decay amplitude, as suggested in [36]. The estimates
[19] for scalar radiative widths in the KK¯ molecular model for scalars are
Γ(a0/f0 → γρ/ω) ≈ 3 keV, (36)
in contrast to the quark-loop results of Table 2. Thus the decays a0/f0 → γρ/ω
provide strong discrimination between models for these scalars.
In scenario I the a0(980) and f0(980) are not nn¯ states. In this section we consider
the extreme possibility of a pure molecular assignment for them, in which case the
relevant photoproduction mechanism is via a meson loop. The calculation of the
a0(980) cross section is straightforward as only the kaon loop contributes. In the
f0(980) case there is also a contribution from the π
+π− loop. The photoproduction
formalism is presented in the Appendix, and mass distributions are shown in Figure
11. The integrated cross sections are 1.3 nb for the f0(980) and 0.5 nb for the
a0(980). As expected, these cross sections are small, in accordance with general
arguments given in [19].
Recently the contribution of intermediate vector meson channels to scalar radiative
decays has been considered [37, 38]. In particular, non-negligible contributions to
the a0(980)→ γω ([37]) and f0(1710)→ γρ ([38]) amplitudes were obtained. There
is, however, an important difference between a purely pseudoscalar loop and one
with vector mesons. The former amplitude is finite (see the discussion in [39, 40]),
while the latter diverges logarithmically and a cut-off is needed. It is claimed in
[37, 38] that this divergence can be properly treated, though the details of the cut-
off dependence are not given there.
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Figure 11: (a) Differential pi0pi0 mass distribution in nb GeV−1 at Eγ = 5 GeV for the f0(980) in
the pseudoscalar loop model. (b) Differential pi0η mass distribution in nb GeV−1 at Eγ = 5 GeV
for the a0(980) in the pseudoscalar loop model.
In the photoproduction context, including intermediate vector mesons corresponds
to taking into account final state interactions in the background graphs of Figure
9 (and, also, including K and K∗ mesons in the loop). The π+π− and K+K−
S-wave photoproduction has been treated in [41] in such an approach. Corresponding
contributions are to be taken into account in the analysis of the photoproduction of
neutral pairs as well, as they are potentially important.
6 Conclusions
It is clear that light-quark scalar meson photoproduction on protons is a practical
proposition given the luminosities available to modern photoproduction. Although
we have limited the discussion to neutral pseudoscalar-pseudoscalar final states,
most of the cross sections we have obtained are sufficiently large to allow for limited
acceptance for these channels. Unfortunately the cross sections on 4He are small for
the isoscalars due to their dominant radiative decay being to ργ. Of course for the
isovectors, with their dominant radiative decay being to ωγ, the cross sections for
photoproduction on 4He are comparable to those on protons.
To resolve all the issues discussed in the Introduction requires obtaining the pho-
toproduction cross section for at least two scalars, but there are exceptions. There
are two cases where the difference between different models for a particular scalar is
so great that the issue can be settled by measuring the cross section for that scalar
alone.
The first of these is the question of the nature of the a0(980) and f0(980), in partic-
ular whether there is a significant, or even dominant, nn¯ component in their wave
function. The full nn¯ cross section is given in Table 5 and an estimate of the non-
nn¯ cross section in Section 5. Both the a0(980) and f0(980) have been observed
in photoproduction, at CLAS [29] with quasi-real photons from a 5.75 GeV elec-
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tron beam and at CB-ELSA at γp centre-of-mass energies up to 2.55 GeV [42, 43].
The CLAS data have not been fully analysed, but π0η and π0π0 mass plots (not
acceptance corrected) show clear evidence for the a0(980) and f0(980) respectively.
Preliminary results from ELSA also show evidence for a0(980) [42] and f0(980) [43]
photoproduction at the upper end of their energy ranges. These data point to an
admixture of nn¯ in the a0(980) and f0(980) wave functions. Given the small cross
section anticipated in the molecular model, even a modest admixture of nn¯ in the
wave function will dominate the cross section.
The f0(1370) provides the second case where measuring the cross section would
resolve the issue of its ππ branching fraction and possibly also the issue of its exis-
tence. The cross section for f0(1370) photoproduction at Eγ = 5 GeV varies from
scenario to scenario. In scenarios II and III the f0(1370) does not exist. In scenario
I the cross section varies from 27 nb to 94 nb as the glueball mass varies from light
to heavy and in scenario IV, as the octet member of the ground-state nonet, the
cross section is 140 nb. So the non-zero cross sections vary by a factor of 5. The
conventional branching fraction is 2.7%, but in the analyses of [12, 13] it is closer to
80%, that is a factor of 30 larger. So for a ππ branching fraction of 2.7%, the cross
section times the π0π0 branching fraction lies in the range 0.24 to 1.26 nb, while for
a ππ branching fraction of 80% the range is 7.2 to 37.3 nb. The CLAS π0π0 data
cover this mass range and so, in principle, could be used.
For the f0(1500) the photoproduction cross sections in various scenarios are very
similar, so that it is not necessarily possible to use the f0(1500) by itself to resolve
the ambiguities surrounding the nature of the scalars. The cross sections in scenario
I with a heavy glueball is 17 nb, in scenario II as the octet member of the ground-
state nonet it is 35 nb and in scenarios III and IV as a member of the first radial
excitation the cross section is 25 nb, although this should probably be considered
as an upper limit due to its sensitivity to the wave functions. However in scenario
I, if the glueball mass is in the light to medium range, with cross sections of 90 nb
and 52 nb respectively, then a clear result can be obtained. Otherwise results on
the f0(1500) must be combined with those for the f0(980) or the f0(1370).
In principle, photoproduction of the a0(1450) can also provide some discrimination
aince the cross section as a member of the ground-state nonet (98 nb) is nearly a
factor of 5 larger than that as a member of the first radial excitation (21 nb). Unfor-
tunately the considerable uncertainty in the branching fractions [1] does not make
this feasible at present. However some information on a0(1450) photoproduction
could, in principle, be obtained from the CLAS π0η0 data as they cover the relevant
mass range.
Because of the large 4π branching fraction of the f0(1370) (with the conventional
values) and the f0(1500), and the implied large 5π branching fraction of the a0(1450),
if measurement of these channels were technically feasible then this would not only
add to our information about the scalars but would assist in resolving their nature.
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Appendix
A.1 Narrow-width cross section
To obtain the formula (17) note that we can write
Aµνγν +Bµ = Mµν(aγν + bp1ν) = aMµνγν + bNµ (A.1)
with
Mµν = gµν(q · p)− pµqν , Nν =Mµνp1ν . (A.2)
The required trace is
TC =
1
4
Tr{(γ · p2 +mp)(aMµλγλ + bNµ)(γ · p1 +mp)(a∗Mµνγν + b∗Nµ)}
= 1
4
aa∗MµλMµνTr{(γ · p2 +mp)γλ(γ · p1 +mp)γν}
+1
4
a∗bNµMµνTr{(γ · p2 +mp)(γ · p1 +mp)γν}
+1
4
ab∗MµλNµTr{(γ · p2 +mp)γλ(γ · p1 +mp)}
+1
4
bb∗NµNµTr{(γ · p2 +mp)(γ · p1 +mp)}. (A.3)
The basic traces entering (A.3) are
1
4
Tr{(γ · p2 +mp)γλ(γ · p1 +mp)γν} = gλν(m2p − p1 · p2) + p2λp1ν + p1λp2ν
1
4
Tr{(γ · p2 +mp)γλ(γ · p1 +mp)} = mp(p1λ + p2λ)
1
4
Tr{(γ · p2 +mp)(γ · p1 +mp)} = m2p + p1 · p2 (A.4)
Inserting (A.4) in (A.3) gives
TC = aa
∗((m2p − (p1 · p2))MµνMµν + 2NµNµ)
+2mp(a
∗b+ ab∗)NµNµ + (m
2
p + (p1 · p2))bb∗NµNµ (A.5)
Equation (A.5) can be rewritten in terms of invariants as
aa∗
(
1
2
s2t+ 1
2
st(t− 2m2p −m2S) + 14(2m4pt + t(t−m2S)2 +m2p(−2tm2S + 2m4S))
)
+(ab∗ + a∗b)
(
mps
2t+mpst(−2m2p + t−m2S) +m3p(m2pt−m2St +m4S)
)
+bb∗(4m2p − t)18
(
s2t− st(2m2p − t+m2S) +m2p(m2pt−m2St +m4S)
)
(A.6)
The result (A.6) can be written compactly in terms of the kinematical bounaries t1
and t2 which are given by
t1,2 =
1
2s
(
− (m2p − s)2 +m2S(m2p + s)
±(m2p − s)
√
((m2p − s)2 − 2m2S(m2p + s) +m4S)
)
, (A.7)
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so that for the exchange of a single vector meson
|M(s, t)|2 = −TC = −12aa∗(s(t− t1)(t− t2) + 12st(t−m2S)2)
−1
2
(ab∗ + a∗b)mps(t− t1)(t− t2)
−1
8
bb∗s(4m2p − t)(t− t1)(t− t2). (A.8)
Finally the differential cross section is given by
dσ
dt
= − TC
16π(s−m2p)2
. (A.9)
Obviously in practice the amplitudes for ρ and ω exchange are added coherently.
A.2 Signal cross section
The differential cross section for the production of a scalar, mass M , and its decay
to two pseudoscalars, masses ma and mb, is
dσS
dt dM dΩ
= − 1
28π4
ki(M,ma, mb)
(s−m2p)2
TS. (A.10)
with ki(M,ma, mb) =
√
(M2 − (ma +mb)2)(M2 − (ma −mb)2)/2M .
Following (A.5), TS is
TS = aSa
∗
S((m
2
p − (p1 · p2))MµνMµν + 2NµNµ)
+2mp(aSb
∗
S + bSa
∗
S)NµNµ + (m
2
p + (p1 · p2))bSb∗SNµNµ, (A.11)
with
aS =
gi
m2S −M2 − iMΓTot
(gSρ(gV ρ + 2mpgTρ)Dρ + gSω(gV ω − 2mpgTω)Dω)
bS = − gi
m2S −M2 − iMΓTot
(2gSρgTρDρ + 2gSωgTωDω). (A.12)
Both ρ and ω exchanges have been included explicitly and Dρ, Dω are the Regge
propagators. .
The decay constant gi in (A.12) is defined in terms of the partial width Γi at reso-
nance by
Γi =
g2i ρi(mS, ma, mb)
16πmS
(A.13)
with
ρi(M,ma, mb) =
√
(1− (ma+mb)2/M2)(1− (ma−mb)2)/M2) = 2ki(M,ma, mb)/M.
(A.14)
Substituting (A.13) in (A.12) and recalling (A.9) gives
dσ
dt dM
=
dσ0(t,M)
dt
2m2S
π
Γi(M)
(m2S −M2)2 +M2Γ2Tot
, (A.15)
where dσ0(t,M)/dt is the narrow-width cross section at the scalar mass M .
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A.3 Background cross section
First note the simplification of (31)
ǫµρβγqβvγǫρνλσpλvσ = −gµν
(
(q · p)v2 − (q · v)(v. · p)
)
− vµ
(
qν(p · v)− vν(q · p)
)
−pµ
(
vν(q · v)− qνv2
)
(A.16)
and define, with i = 1, 2, and define, with i = 1, 2,
M (i)µν = gµνbi + viµciν + pµdiν
bi = (q · p)2v2i − (q · vi)(p · vi)
ci,ν = qν(p · vi)− viν(q · p)
diν = viν(q · vi)− qνv2i , (A.17)
where vi = ki − q, with k1 and k2 the 4-momenta of the pseudoscalars.
The current can be written as
Mµ = M
(1)
µν (α1γν + β1p1ν) +M
(2)
µν (α2γν + β2p1ν). (A.18)
It is convenient to define
Cpipi = 1 Cηη =
2
3
Cpiη =
√
2
3
(A.19)
Then, for the π0π0 final state,
α1 = Cpipi[(gρV + 2mpgρT )DρΠω(v1) +
1
3
(gωV + 2mpgωT )DωΠρ(v1)]
β1 = −2Cpipi[gρTDρΠω(v1) + 13gωTDωΠρ(v1)]
α2 = Cpipi[(gρV + 2mpgρT )DρΠω(v2) +
1
3
(gωV + 2mpgωT )DωΠρ(v2)]
β2 = −2Cpipi[gρTDρΠω(v2) + 13gωTDωΠρ(v2)], (A.20)
for η0η0,
α1 = Cηη[(gρV + 2mpgρT )DρΠρ(v1) +
1
3
(gωV + 2mpgωT )DωΠω(v1)]
β1 = −2Cηη[gρTDρΠρ(v1) + 13gωTDωΠω(v1)]
α2 = Cηη[(gρV + 2mpgρT )DρΠρ(v2) +
1
3
(gωV + 2mpgωT )DωΠω(v2)]
β2 = −2Cηη[gρTDρΠρ(v2) + 13gωTDωΠω(v2)] (A.21)
and for π0η0
α1 = Cpiη[
1
3
(gρV + 2mpgρT )DρΠρ(v1) + (gωV + 2mpgωT )DωΠω(v1)]
β1 = −2Cpiη[13gρTDρΠρ(v1) + gωTDωΠω(v1)]
α2 = Cpiη[
1
3
(gρV + 2mpgρT )DρΠω(v2) + (gωV + 2mpgωT )DωΠρ(v2)]
β2 = −2Cpiη[(13gρTDρΠω(v2) + gωTDωΠρ(v2))]. (A.22)
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As Mµ has the structure
Mµ = Aµλγλ +Bµ (A.23)
we have, as before, to calculate the trace
TB =
1
4
Tr{(γ · p2 +mp)(Aµλγλ +Bµ)(γ · p1 +mp)(Aµλγλ + Bµ)}. (A.24)
The result is
TB =
(m2p − (p1 · p2))
(
α1α
∗
1M
(1)
µν M
(1)
µν + (α1α
∗
2 + α2α
∗
1)M
(1)
µν M
(2)
µν + α2α
∗
2M
(2)
µν M
(2)
µν
)
+2
(
α1α
∗
1N
2
1 + (α1α
∗
2 + α2α
∗
1)(N1 ·N2) + α2α∗2N22
)
+2mp
(
(β1α
∗
1 + β
∗
1α1)N
2
1 + (β1α
∗
2 + α
∗
1β2 + β
∗
1α2 + β
∗
2α1)(N1 ·N2)
+(β2α
∗
2 + β
∗
2α2)N
2
2
)
+(m2p + (p1 · p2))
(
β1β
∗
1N
2
1 + (β1β
∗
2 + β
∗
1β2)(N1 ·N2) + β2β∗2N22
)
, (A.25)
with
Niµ = p1µbi + viµ(p1 · ci) + pµ(p1 · di). (A.26)
The background cross section is then given by
dσB
dt dM dΩ
= −ζ2 g
2
0
28π4
k
(s−m2p)2
TB. (A.27)
and the factor ζ = 1 for different pseudoscalars and 1√
2
for identical pseudoscalars.
A.4 Interference cross section
We assume a constant phase φ between the continuum background and the resonance
signal. The required trace for the interference term is
Tint = (m
2
p − (p1 · p2))(α1a∗SM (1)µν Mµν + α2a∗SM (2)µν Mµν +
2(α1a
∗(N (1) ·N) + α2a∗S(N (2) ·N)
2mp((β1a
∗
S + α1b
∗
S)(N
(1) ·N)) + (β2a∗S + α2b∗S)(N (2) ·N)) +
(m2p + (p1 · p2))(β1b∗S(N (1) ·N) + β2b∗S(N (2) ·N)) (A.28)
The interference cross section is then
dσint
dt dM dΩ
= −ζ 1
28π4
g0k
(s−m2p)2
(cosφ(Tint + T
∗
int) + i sinφ(Tint − T ∗int)). (A.29)
28
A.5 Meson-loop cross section
The loop integral function IP (a, b) is (see e.g. [36], [44], and, for x < 0, [45])
IP (a, b) =
1
2(a− b) −
2
(a− b)2
[
f(
1
b
)− f(1
a
)
]
+
a
(a− b)2
[
g(
1
b
)− g(1
b
)
]
, (A.30)
f(x) =


−
[
arcsin( 1
2
√
x
)
]2
, x > 1
4
1
4
[
ln( η+
η−
)− iπ
]2
, 0 < x < 1
4[
ln( 1
2
√−x +
√
1− 1
4x
)
]2
, x < 0
(A.31)
g(x) =


√
4x− 1 arcsin( 1
2
√
x
), x > 1
4
1
2
√
1− 4x
[
ln( η+
η−
)− iπ
]
, 0 < x < 1
4√
1− 4x ln( 1
2
√−x +
√
1− 1
4x
), x < 0
(A.32)
and
η± =
1
2x
[
1±√1− 4x] . (A.33)
For a given two-meson final state ab
dσ(ab)
dtdMdΩ
= − 1
28π4
k
(s−m2p)2
Tl,ab, (A.34)
where the trace Tl,ab is given by
Tl,ab = |Al,ab|2(m2p − (p1 · p2))MµνMµν
+NµNµ[2|Al,ab|2 + 2mp(Al,abB∗l,ab + A∗l,abBl,ab)
+(m2p + (p1 · p2)|Bl,ab|2]. (A.35)
The quantities Al,ab and Bl,ab are
Al,ab = A
ρ
l,ab + A
ω
l,ab, (A.36)
Bl,ab = B
ρ
l,ab +B
ω
l,ab, (A.37)
A
ρ(ω)
l,ab = (gρ(ω)V + 2mpgρ(ω)T )Dρ(ω)
∑
P
LP,ρ(ω)tPP→ab, (A.38)
B
ρ(ω)
l,ab = −2gρ(ω)TDρ(ω)
∑
P
LP,ρ(ω)tPP→ab. (A.39)
Here Dρ and Dω are the Regge propagators (19), the sum is over all possible pseu-
doscalars P in the loop,
LP,ρ(ω) =
egρ(ω)PP IP (t/m
2
P ,M
2/m2P )
2π2m2P
, (A.40)
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where mP is the mass of the pseudoscalars, gρ(ω)PP is the ρ(ω)PP coupling constant,
IP is the loop integral function (A.30) and tPP→ab is the t-matrix for the transition
PP → ab.
In the calculation of the a0(980) photoproduction cross section only the kaon loop
contributes. The ρ(ω)K+K− coupling constants can be estimated from that for the
ρ→ ππ decay width with the help of SU(3) symmetry considerations:
gρK+K− = gωK+K− =
1
2
gρpipi = 2.13. (A.41)
For the t-matrix we use the parametrisation introduced in [46]:
tK+K−→pi0η(M) =
ga0piηga0K+K−
Da0
, (A.42)
where
Da0(M) = M
2
a0
−M2 +
∑
ab
(ReΠab(Ma0)− Πab(M)), (A.43)
Πab(M) =
g2a0ab
16π2
(
− m+m−
M2
ln
ma
mb
+ρab(M)(iπ + ln
√
M2 −m2− −
√
M2 −m2+√
M2 −m2− +
√
M2 −m2+
)
)
, (A.44)
where m+ = ma + mb, m− = ma − mb. This expression is valid above threshold
(ma+mb < M); below threshold one should use the analytical continuation. In the
case of a0, ab = π
0η, K+K−, K0K¯0.
This parametrisation was recently employed in the analysis [31] of φ → π0ηγ ra-
diative decays. We use the a0(980) parameters found in that analysis (“kaon loop”
version of the fit):
Ma0 = 983 MeV, ga0piη = 2.8 GeV, ga0K+K− = ga0K0K¯0 = 2.16 GeV. (A.45)
The situation with the f0(980) is more complicated, as the π
+π− loop also con-
tributes. For the t-matrix we use here the parametrisation
tpi+pi−→pi0pi0 =
gf0pi+pi−gpi0pi0
Df0
, tK+K−→pi0pi0 =
gf0pi0pi0gf0K+K−
Df0
(A.46)
with Df0 given by an expression similar to (A.43) (with ab = π
0π0, π+π−, K+K−,
K0K¯0), and g2
f0pi+pi−
= 2
3
g2f0pipi, g
2
f0pi0pi0
= 1
3
g2f0pipi.
The resonance parameters are taken from the “kaon loop” version of the fit [30]
obtained in the analysis of φ→ π0π0γ radiative decay:
Ma0 = 976.8 MeV, gf0pi+pi− = −1.43 GeV, gf0K+K− = gf0K0K¯0 = 3.76 GeV.
(A.47)
In practice, there is strong interference between the f0(980) resonance and the
S-wave isosinglet ππ background, which should be taken into account.
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